Previous studies have also demonstrated that tomcod from the Hudson River exhibit a remarkably high prevalence of hepatocellular carcinomas that exceeds 90% in older fish (5), compared to a cancer prevalence of <5% in tomcod from more pristine rivers in Rhode Island, Connecticut, and Maine (6) . Additionally, the age structure of the Hudson River tomcod population is truncated and characterized by a small number of 2-year-old fish and absence of older age classes (>2 years olds), whereas tomcod from other populations frequently attain 3-7 years of age (5, 7 (13) . PCB levels in sediment of the St. Lawrence estuary vary from 10 to 330 ng/g dry weight (14) . The concentrations of PAHs in sediment from the Miramichi River are reported to be moderate (200-600 ng/g dry weight) (15) , and PCB levels are low (0-75 ng/g dry weight) (16) , but dioxins and furans are discharged by a pulp and paper mill at Newcastle. Along the Margaree River, there is no industrialization or urbanization, and as a result sediment PAH concentrations are relatively low (5-120 ng/g dry weight) (15) .
The suite of biomarkers used in the present study, specifically hepatic CYP1A mRNA, biliary FACs (19) . Additionally, induction of CYP1A mRNA in fishes is believed to be mediated by the Ah receptor pathway (20) , whose activation is also hypothesized to be necessary for the carcinogenicity, teratogenicity, and toxicity resulting from exposure to PAHs (21) . Hepatic DNA adducts, detect- ed by 32P-postlabeling, have been shown to arise in fishes from exposure to individual PAHs (22, 23) and from exposure to complex mixtures of polycyclic aromatic compounds present in sediments from natural environments (22, 24) . It has also been shown that these DNA adducts are persistent and thus appear to accumulate to relatively high levels in the livers of fish exposed to polycyclic aromatic compounds (23, 25) . The concerted use of multiple biomarkers should improve the assessment of contaminant exposure in tomcod and potentially provide more specific information on the identity of environmental inducers of these biomarker responses. Previous studies (25, 26) have shown that when interpreted collectively, a suite of biomarkers gave more consistent information on the level of contaminant exposure and biochemical response of wild fish than did any single parameter.
Methods
Sample collections and treatments. We collected tomcod from six rivers ( Fig. 1 from the Miramichi River were transported to the laboratory and maintained in clean water at 40C at a salinity of 15 ppt for >60 days. These fish were then treated with single intraperitoneal injections of TCDD (500 ng/kg fish; n = 5) in corn oil (0.1-0.3 ml); TCB (10 mg/kg fish; n = 6) in corn oil (0.1-0.3 ml); or corn oil vehicle (0.1-0.3 ml; n = 6). The TCDD-and corn oil-treated fish were sacrificed after 10 days and the TCB-treated fish after 7 days.
RNA isolation and CYPIA mRNA analysis. We isolated total RNA from liver tissue from each fish using the method of Chomczynski and Sacchi (27) . Approximately 20-80 mg of hepatic tissue was homogenized in RNAzol reagent (Biotecx Laboratories, Houston, Texas) in microcentrifuge tubes with Teflon pestles following the manufacturer's recommendations. RNA pellets were resuspended in diethylpyrocarbonate treated-water, and concentrations and purity of RNA were determined spectrophotometrically at 260 and 280 nm. We denatured 5 mg of total RNA from each sample with formaldehyde and electrophoresed it in 1.0% agarose gels (28) . Gels were stained in ethidium bromide solutions (5 gg/ml) for 30 We transferred RNA from gels to Nytran nylon membranes (Schleicher and Schuell, Inc.) by capillary action overnight (29) and immobilized RNAs by baking at 80'C for 2 hr under vacuum. Prehybridization and hybridizations were performed at 650C as described by Wahl et al. (30) using nick-translated (31), 32P-radiolabeled Atlantic tomcod CYP1A cDNA probes. The Atlantic tomcod CYP1A cDNA probe is full length (2.6 kb) and developed from a 9-naphthoflavone-treated fish. Final wash stringencies were 1.0 x SSPE at 65°C for 60 min. Autoradiography was performed with intensifying screens at -70°C for 1 hr to 2 days to visualize CYP1A mRNA bands. We quantified levels of CYP1A mRNA by using the Whole Band Analysis software package available in the Millipore Bioimage Analysis System (Ann Arbor, Michigan).
To ensure equal loading of total RNA in each lane, filters were stripped of the CYP1A cDNA probe by immersion in boiling water, and filters were rehybridized exactly as described above to a rat rRNA probe, pHRR1 18 (32) . Autoradiographs were visually inspected to evaluate mRNA loading levels in each lane. ence test using SuperANOVA 1.11 software (Abacus Concepts, Berkeley, California). Values were considered significantly different if p and the F ratio had a significance of <0.05.
Results
Levels of CYPlA mRNA were significantly higher in tomcod from the Hudson River than in fish from all other rivers except the Miramichi (Fig. 2) . The levels of CYPlA mRNA in tomcod from the Hudson River were 28.3-fold higher than in fish from the Margaree River and 16-fold higher than in fish from the Saco/Royal rivers, Maine, or the St. Lawrence River (Fig. 3) . The levels (Fig. 4) In an initial laboratory study, tomcod from the Miramichi River exposed to either TCDD or TCB showed no evidence of elevated adduct levels compared to untreated fish or fish treated with the solvent vehicle, corn oil (Fig. 7) . The mean levels of adducts was <13 nmol/mol in all groups, and there were no significant differences in adduct levels between any of the treatment groups. None of the fish in these treatment groups showed levels of DNA adducts significantly elevated above those of tomcod collected from the Margaree River, where tomcod are exposed to bleached kraft mill effluent.
Discussion
The results of the present study show that of the populations of tomcod sampled along the northeast North American coast, (5) and individual PCB congeners (40) in tissues of tomcod from the Hudson River. Although hepatic concentrations of dibenzodioxins and dibenzofurans have not been measured in tomcod tissues, elevated concentrations of these HAHs are detected in bottom-dwelling invertebrates, such as crabs and lobsters (12) , and in the midwater-dwelling striped bass (41) from the lower Hudson River estuary. In addition, Hudson River tomcod are exposed to high levels of nonhalogenated aromatic hydrocarbons during their life cycle. From late winter to mid-fall, densities of adult tomcod are high in the lower Hudson River estuary off New York City (42) and in Newark Bay (43) , at which time fish are exposed to the highest sediment-borne concentrations of PAHs and dibenzodioxins and furans in the estuary (11 (46) . Moreover, these results emphasize the advantage of using a suite of biomarkers in assessing contaminant exposure in species exposed to anthropogenic chemicals.
The elevated levels of DNA adducts in Hudson River tomcod compared to tomcod from other rivers and our earlier finding of an activated K-ras oncogene in tomcod liver tumor DNA (8) (53) .
In summary, we have demonstrated, using a suite of biomarkers, that there are substantial differences in exposure of tomcod from sites on the northeast North American coast to xenobiotics that induced CYPIA mRNA, gave rise to DNA adducts, as measured by 32 P-postlabeling, and increased levels of biliary FACS, a measure of exposure to PAHs. The results also demonstrate that the use of multiple biomarkers can provide a degree of specificity in assessing xenobiotic exposure, as evidenced by the marked difference in the response of the individual biomarkers, specifically induction of CYP1A mRNA and no increase in DNA adducts, or FACs, in tomcod exposed to bleached kraft mill effluent in the Miramichi River compared to tomcod from the other sites. In addition, tomcod from the Hudson River exhibited the highest levels of hepatic CYPIA mRNA, hepatic DNA adducts, and biliary FACs, which is consistent with previous studies (5, 6) showing high prevalences of hepatic neoplasms in tomcod from this estuary, as well as consistent with the association between exposure to PAHs and prevalence of neoplasms observed in other wild fish species (9) .
